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SUMKARY,

Various possible typus of supersonic diffusor aro oonsiderod
thoorotioally and tho aevailable cxperimontal ovidonoe 'is rovicwod.

The most obvious type of on effivient supersonisc diffuscr is
the roversod supcrsonic nozzle. A s8tability oritorion for the
roversed supursonic nozzle is developed, which shows that the
oontraction botruon the ontry :nd the throat is se limitod, that if
a normal shock at cntry 1s te be avoidod, sush a diffuser is of little
practioal use unless an artifiolsl meons oi‘ inducing and maintaining
tho loss stablo flov oar be found,

Tost rosults of simply pitol ontrios show that, in thoe absenco
of tho boundary layor, tho onc-dimonsionsl theory holds for normel
shocks, Sinov thoir offiocioncy is high for Lach No. up to about

145, diffusors vith noriel shoock at untry aro quite satisfactory in
this volooity rango.

The mechanism of the shock wave anl boundary layer intoraction
is oconsidored. Vhon normal shooks occur in the presence of tho
boundary layer, as in anmular pitot entrivs and diffuscrs for
suporsonic wind tunnels, their oomprossion offioiency is approoiably
lowor than tho thooretiocal onc.

For vory high velooitics, oxooceding M = 2,5, the only type ef
diffusor vhioch is »racticaple and offurs high thcoretical cffioiency
is the multi shook diffuser, The officicnoies of this typo of
diffusor arc oxamined and showm to oxcoed 904 up to M = 3,0 for designs
., having threc or four oblique shocks., Various geomstrical arrangomints
are oonsidorud from tho point of view of reduction of frontal aroa
for & givon mass flovw ond oconsidvrable improvoments on the single
fooussod wave systom are obtained.

Tho high perforxm.y'ne of multi shock diffusors i= oonfirmed by
Oawatitsch's tosts at Gottingen, tho results of which are hore
susmarisod,

Thu oporation of suporsonic diffuscrs at othax than tho design
Maoh No. 1s briofly considerod.
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-1 Zntroduotion

Tho preblem of diffusion from suporsonio velooity is of primary
isportance in the design of powor plants for supersonio airoraft,
whioh utilize the atmospherio air as the working substanco, Tho
fundamental requirements to be satisfied by diffusers in general aro
high officienoy of the kinotic encrgy oonversiocn and small drag
ocxffioiont, In order to muet these requiroments, entirely difforont
mothods from those suitable at subsonic spoods must be used at
suporsonio velooitios,

Onc of the basic charactoeristios of supursonioc diffusors as
distinot from tho subsonic ones is that the maximum possible flow
through thoa is dotormined, at any suporsonic apoed, oy the diffuser
frontal arva axd is oqual to the oorresponding swopt velumo,

Furthor, unlike subscnic flow, a oontimious diffusion from
supuracnic veleoity ty mowns of a oonvorgent-divergent duct is, in
praotice, impossible, In othor types of theoretically isontropio
supersonic diffusers the oomprossion sotually ocours through a
nuber of finito shouk waves, so that a systom of shock waves must
always be presont and the design problem is larguly that of
dotermining the optimum systom to bo used, It scoms that a striot
mathomatioal enalysis, whioh would dofinc the thormodynamically most
effioient shook wave formation for any givon set of ocnditions,
would not leod to results of practical significance, Instead, the
porformenco of shock systems, tho design of whioh iz basod on simple
oriteria, oan be casily ostimatod. Suoh analysis also shows that
the difforonces in the offioicnoics achlouved whon various oriteria
are used, arc small and that it is mainly the mumber of shocks which
doterminos the cffioionoy, for giwen initial and final conditions,

The goometriocl primoiples of an offioiont shook systom aro
deduced from the examination ef a numbor of onnfigurations and are
in goneral the same for two-dimensionul and axially-esymmotrical
diffusers; the aotusl diffuser shapes are however difforent, as
determinod by the appropriate solutiens fer supursonic rlow.

Tho subjoot of supcrsonic diffuscrs is roviewed in this papor
on the above lines, Tho oaloulations were mado for flow of ailr
and, in the caso of multi-shock diffusors, for two-dimensional flow,
Results of the same ordor would, howevor, also be obtained for

ymmetrioal flov, so that the general conolusions apply
also to this type of diffuser,

In supursonio flow thooxry the gas is usually assumed to be
perfeot, with constant spocific hoats, and tho visocosity and thermal .
oconduwotivity are nogloctod. The aotual porformence of diffusors
depords however to a large oxtent on tho offeots of friotion and the

. boundary layer, which ocan only ba ascertained oxperimontally, The

available expoerimental results on those offoots in supcrsonio flow, are
s ardizad in this revowt but aro not adeguato, ospcoially in the
oasc of multi-shock diffusors and at very high velooities, to form a
basis for design and furthor rusearch is novdod.

It is usual to evaluate tho diffuscr porformence in torus oif
*oompression offioiency”. In thu teochnical litcraturc scveral rotios
are uscd to donoto tho offioiency of comprossion and thoy are collootod
and defined in the Appendix, togothor with most of the symbols used in
this repart. For our- purposc, sinoo the oompression in tho diffuscrs
oonsidered is ndiabatio, the isontropic officionoy Ng, (A1)*, iz tho

oppropriatc one to use, As shown in the Appondix, tho isentropio )

* Nunbors proocded bS' A rofor te the oquations of the Appendix,
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effioiency is a funotion of the Mach Humber and the ratio psy
of the hon;‘x,"opio stagnation pressures before after the diffusion,

or the entropy inorease Ay

2 reysed flow in a supersonig nozzle

Before considering more comolex forms of supersonic diffusers,
the simple oase of flow in n oonvergont-divergent nozzle, with
supersonio flow velooity at cntry, will bo disoussed. Suoh a dis.
oussion yields important results, both from the theoretical and :
preotioal points of view,

2.1 Gemeral discussion

Consider the flow through a system like that shown in fig.1,
oonsisting of two nozzles joinod by a constant area dwct. The
entry nozzle nerves to obtain a oortain constant Mach Number M > 1.0,
whereas the seoond (reversed) nozzle %hroal area Ayn van bo varied,
The gas starts to flow through the systom fium uoro veloocity and )
pressure P, at seotion 'e! and leaves the systom at section 'o! at a
pressure Py, which will be alsc reforred to as tho back pressure.

The disoussion of flow in such a systerm applius to certain types
of supersonic wind tumnels and, by disoarling the first nozzle, it is
extended to diffusers for supersonic power plantd.

The flow will be assumod to be onc-dimensional and, oxcept for
normel shooks, isentropic. Ior isentropic flow the relationship -
betwoen the Maoh Nwmber M and the oross-sectional area ratic
(oontraotion) ¥ corresponling to a change of velooity to the sonic
value (M = 1,0) is given by

o _a |
ve uforen [ze o]} 2N g

as obtained from the de Saint Vdunnt ard Wantzel oquations for tha
velooity and rate of flow at oonstant entropy. Referring to fig.1,
Af ¥ = A, /A and Mgy = 1.0, then M is given by funotion (1), which
is drewn for air in fig.3, owrvec 4. It will be noticed that to
eaoh value of ¥ there corrozpond two velooitics, one sub- and the
other - suucrconic.

It will be remembered thai any losses (i.e. entropy increase)
have the effoot of increasinz the cross-sectional area at which a
given velooity (or tomporature) is obtained as oompared with the
Mentropio flow, the oorresponding pressure and donsity buing smeller,
Also, the lossus duo to a normal shock increase with the velnoity
on the upstream side of tho shook (of. fig.9, 10).

Whon tho scoond throat is smaller than the first one (Agn < Ape),
no supcrsonic flow is possidble upstream of t". If a diffusor of
suoh a oontrastion were inserted in a supersonio stream of velooity M,
as detorminod by tho first nozzlo, a detachod shock front would
form at its ontry, the.flow being smaller than that oorresponding to
the swept voluwe at veloo:lty M.

With equal throat arcas' (Agw = At.) , tho flow betwoon the throats
oan be theoretioally either sub- or superscnic. Any lossos, howover,
would make it impossible for suporsonic flow to develon upstream of
t", as in the oase proviously oonsidered. Further, it seems that -
the possibility of attainmmcnt of supersonic velooity betwoen tho
throats deponds on thd mamner in whioh the flow is initiated. If tho
system of fig.1 were instantanaously conmnootod to a vaouum, supcrsonio
volooity would be devoloped upsircam of t". But, on thc othor hand,
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if the back pressure P, wore gradually roduced from the valuo Po,
the flow would start. as subsonic throughout and would prcsumbl.y
remain subsonio upstream of t¥.

It follows from the above that in practice in ordor to obtain
a stabls supersonio flow upstrcam of the scoond throat, whethor the
Jot is oonstrained mr frec, the scoond throat-muct be largoer than the
first one, so that a shockles:s diffusion from supersonio velocity
by moans of a oonvergent-divergent duct booomes impossible. A
oloser invostigation will indicate the neccsvary incrcasc in the
throat oross-section,

Let A,n > ALy and prescure Py te gradually roduceds  For
sufficiently low valuc sonic rlcw veloeity 1= obtained in the
first throat, the ag.lmv being subsonic throughout, With lowor baok
presswres supersonic flow dovoleps past t' and a normal shook forms
in the divergent part of the first nozzlc and moves dovmstream os
the back pressure. is rcduccd. For given initial and £inal oonditions
the shook could form cither in the first or in the acoond nozzle, at
equal orosc—ecotions, Howewvor, it is known from the suporsonic
tunnel oporation that the shock actuelly ooours always in the first
nogzle, ‘Yhon the shoock rcaches the maximum oross-scotion A and
previded the flow romains subsonic at the scoond throat, a furthor
deoreaso in tho back pressurc will causc the shock to :]unp downstrean
of t", to a orosa-eseotion larger than A, the flow becoming eventually

aupeuon:l.c throughout.,

If tho seoond throat wure mado rather smaller, but still larger
than the first, so that with the shook prosent at somc oross-cootion
between the two throats, sonic volocity wore again reachcd at t",
the scquence of events would beo different from that desoribod above.

A furthor docreasc in the back pressurc vould have now no influenco
on the flow uputroam of t", but supersonic flow and a soeond shook
would form dovnstroam ef t"; . tho scoond chock would move towards
the exit as the prossurv wore dooreasod®.

‘The possibility of such a flow oont'igu.ruficn loads to a nulber
of important oonclusions,

2,2 Limiting oontraction

It has been alrcady romarked that, in ovder to achicve a
diffusion mare efficiont than that oorrosponding to a normal shook
at the froe-stroam Mach Number, the volocity must bo supersonic at
the diffusor throat and a shock murt ocows devmstroams  The noarer
to the seocond throat tho shock takes place, tiw morc eff'iciont is
ths compressions The possibility of a flow configuration with two
shooks limits tho minimum size of' the scoond throat and thus
offoots the maximn oonprousion officioncy of a "roversod nozzle"
.diffuser,

Lot.the systom of fig,1 represent the nozzle, working soction
and diffuser of a supersonic tunnel which is started by o grodual
oreation of prossure differvnoc (say a oloscd-oircuit tumncl), Tho
sooond throat must be sufficicntly larpe to provent the flow from
reaching sonic vulocity and hence to allow the shock to jump past it,
80 that stablc supcraonic flow oan bo ostablishod in the working
seotion, Tho minimum scoond throat sizo must be thorofere such that,
with shook ccouring in the working soction (at M), thc velooity in
the sooord throat is just-sonioc,. The meximum pormissible back
prossure regquired to. start a tunnel of this type is smaller then that
* These flow conf'igurations arc doscribed in rof.z and woro obsorvod
by Seippol, ontod photogrephs of onalogous flows of wator in a
shallow ohanml rof.15).
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mmm.wmmmmmuouom Once the
tunnel is started, tho back pressure oan bo inoreased, the shook
advancing towords the throat but always remaining on its downstream
'mo

Theoretically such difficultics would not be enoountered if tho
tunnel werc oonnectod, prior to starting, to a highly evacuatoed
oontainer and the pressure difference applicd inatantancously.

Disrogarding the first nozzle, a similar argument applivs to a
supersonic diffusor of tho ruversod nozzle type insortod in a frec
stream of velooity Ji.

When the contraction of the diffuscr ¥ is oqual to or smallor
than that whick gives sonic flow volocity at the throat when a normel
shook forme at ontry, thon thcorctically two ilow oonfigurations aro
possiblo, as dosoribed bofora, Experiment shows that the loss
officiont flow pattern, with normal shook at untry, is by fex tho
more stablc onc,

From thosc considorations it is evident that in order to
achiove a diffusion by means of a reversed nozzle with an officiency
highor than that of a normal shock at thc frec-stream velocity, tho
E:nibﬂity' of a flow oonfiguration which inoludes such a shock must

oliminnted by making tho throat suffioicntly large. Tho samo
oondition must also bc satisfiod to make the starting of cortain
types of supvrsonic vind tunncls possible,

Tho 1imiting valuo of tho ountraction ratio ¥ = Agn/A 18
obtainod by assuming a normal shock at thu ontry mﬁﬂé‘m velooity
at tho throat. ‘o hawo for tho normal shock :

N = _(mz+’-r_f—1)/(1-r'=’__’_f—1142.,..1)]E (2)

where X' is tho Mach lwdwr en tho downstrcam side of the shooks
Oombining this with rolation (1), tho following is obtainod for the
1imiting oontraction *min’ ’

+1 ) 1 CN\&
'm-(%%)ﬁf}:f-} o (EEINEN S

This funotion has boun oaloulatod for ¥ = 1,400, TIts valuos arv given
in Tablo I and it is drawm in fig.3, ourve 2%, '

* It oppears thnt tho mame orditorion for thu limiting contraction has
boon derived by A. Kantrowitz :ndl Coleman du P, Donaldson in a NeA.C.de
paper ocntitlcd "Preliminwy investigation of supersonic diffusors”,
Fobruary 1945, to whioh referonce is madc by Troller, rof.18. Howovor,
tho rosults, as quotod by Troller, do not agrco with our oquation (3).
Tho 1limiting oontraction ratio is given as
Y+1
) Y + 1)’?.1 M
Apin Y-

Ayntako (Y;1>12'%(Y31+M2)%(y_2:[f!2_)71:{ .

but it doos not agrec vith the tabulatud valucs of M and sumably
for Y » 1,403), which hovevur comparc fairly well with ourw%&m.

In ref,48 also the valuus of the oonpmsnién offioionoy (presumably
isentropio officior our arce tabulated; they are slight
than ours, given in able I.:r[k:-)p.ﬂs ) v ightly higher
- 7 -
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Mo Vo, ¥ "
1,0 | 1.000 3,0 | 0,720
1.2 | 0.978 3.5 | 0.692
4.6 | 0.8% ) 4.0 | 0.672
2,0 | 0.623 45 | 0.657

2.5 Oe 760 5.0 0. 648
L 0.6@

From cxproasion (3) tho asymptctio character of the ¥pun
funotion is ovidonts At an infinitc Mash Nunbor

T / Y+l 1 '
\"““)&m' (.‘r " :)2 - ?—.ZTYT ’r‘ﬁ )

. 0.6002 for Y = 1,400,

2,3 Normal shook in abacnco of boundary layor; pitot type diffusor

(1) It is thooretically possible tc design a diffusor of tho
roversed nozzle type, two-dimonsional or axially symmctrical, in
which the oomprossicn is isontropio, i.e. no shocks are formod, In
both casos the corrcot wall prefilc is dotormined by tho mothed of .
oharaoteristics, Suoh a shookless two-dimensional diffusor is showm
in £ig.2 (charaotoristios at 4° intorvals).

Noverthecless, the previous considorations indicato that a
stable supersonic flow in such an idcal diffuscr cannot bo obtainod
and that a oontraction ¥ > ¥y, must bo used tc avoid tho fermation
of a shock front at the diffuser ontry. Although oquation (3), which
exprosses this oondition, has been cbtaoined on the simplest thoorotioal
assuptions, it gives a vory socurate quantitotive ropresontation of
the actual phonomonon, as proved exporimintally. Theoretically this
would bo oxpected from tho fcllowing ocnsideration of flow in a diffuser
having a limiting oontraction rotio ¥ ;.. The frec-stream superscnio
flow in front of tho diffusor is truly cne~dimemsional, Whon a
flow configuration with a shoock at the diffusor entry dovolops, tho
shock, ocouring in tho absvnce of tho boundary layur, ocnforms to the
simploc thoory. Subsequent subsonic and accolerated flow in thoe
oonverging purt of the diffusor is known, as for subsonic nosilos,
t0 be proctically isontropic and the flow downstream of tho throat
doos not offoct oquation (3). '

On the othur hand, whon ¥ > ¥ and tho flow is supersonic at
lcast down to the diffusor throat, %ﬁ'g simplo onc~dimensional,
iscntropio {low theory cannot bo oxpectod to givo acourateo rosults.

In praotioc wook shocks cannot be eliminated in tho converdgont:part

of the diffusor and normal shook, ocouring insido tho diffuscr, is
affocted to a large cxtont by the boundary layor, as will bo scon laters

(11) Tt is well known that in front of a pitet tubo tho comprossion
from suporsonic velooity follows the simplc normal shock theory.
Further evidunce cn the ocmprossion through a normel shock has boen
ebtained from tosts (ref.7, 8, 16, 19) of simplo pitot typo supersonic
diffusors (fig.4) and an oxocllunt agroonont with tho sinplo thoory
has been found, both with rospoct to tho offioiency and mss flow,

As an oxample somn rosulta of rof.7 are here tabulated:e
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Freo strun Mach Number 2.6
Moan Kach lunbor 2 thuorctical | _0.504 |
dowmstrean of shock ) obLscrved 0,520

loan static pressure _ghzog_o_gigé_l; 0 —
ratio across chock .

obsorvued

The overell comprussion ctficloncy 7, wius found to bo slightly
lower than that ocorrvsponding to un iscntropic subsonic compression,
Values of ng = 0,9 (ret.8) and 0,64 (rer.1?) were dotermined for the
subsonic diffusion whun a divergent conical diffuscr of 7° vertex
angle was used, In refe4? this cfficiomcy was found to bo constoant
ovor a range of cntry Mach Numbors botweun 0.5 and 1.0, When tho
diffuscr oonsistcd of a parallcl scotion at ontry followud by a 10°
vortex angle cvonioal duct, tho subsonic compression effiocionoy wes
equal to approximately C.75 (ref.8).

(111) The affeot of the variable diffuser contraction has been
Anvestignted at N.P.L., ref.7. 4 oylindrical glass tubc was
.insorted in thc suporsonic air sitrean and blocked at the rear ond

by an adjustablo conc. The degrec of tre blockage could be Vvaried
and the flow was obsorvod at a conitan: fruc-sirean Much Number of 2.6,

. Aooording to tho provious oconsidorations, two difforuvnt kinds
of flow arc poasiblce wsith thu above sot-up, for sufficiontly small
exit arvas. Vhilv dvorcasing the oxit arce suporsonio flow was
obsopved inside tho tube until, when thu blockago reachod ¥y, valus,
the flow, instead of' remaining supursoitic, suddonly ohzmgodn%g
subsonic and a normol shock appeared at orntry. Whon blookoge was
further incrcasod, the flow romsined subsonio but tho shock loft
tho tube entry, the macs 1tlow through the tube boing roducod and the
) ‘volooity rounining sonic in tho oxit gop.

Similar oxpurimonts worc corriod ou' in Cormany, at Gottinpen
{by ‘Gudorluy) and ut Volkemrode (of. rex.S) ond the results agroe
with tho N.P.L. onos: tho flow configuration with a normal shock at
ontry has boen foundd to bu by far the rore stablo ono. .

Atturmts were nnde at Volkonrode to induce artificially the
supersonic regim: by "stirring up" the flow in the entry with a thin
wiro and thu: disturbing the normal shock. It wvas found that in
this way thu cfficicnt reglin: oould be ustablished and would cven
remein after the wire has boen removed¥, It scems that more
oxtensive tests e ‘wodud before.the praoctical value of this

. mothod can be nnoertained.

3 Shock wave in presonoe of boundary layor

3¢1 Shock wave and boundary layor interaction

As alrcady remnrked, if diffusion is to be achieved by moans of
a oontraoting duct with an cfficioncy highor than that of a norrel
shook at the free stroms velooity, n shock ramt oocur insido the
diffuscr, in the presunco of the boundory loyere This is also truc
for the diffuscrs used in thu suporsonic wind tunncls and for annmular
entry, pitot typc difiusers, such as shown in £ig.5,. .
. Tho nortal shock in the prosoncu of the boundary layer no
longor oonforins to the siiple onu-dirwnsional thoory. Tho obsorvotions

* A 35 mm filn hos beon nde of these tests at Lefeds, Volkenrodo,
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of shooks in superoritical flow around aaroitils and in supersonic
negzles suggest roughly the following mechanism of bourdary layer
and shook wave interaction, :

Due to an ailverse vressure gradient, tho flaw in the subsonic
pexrt of the boundary layer is reversed in the vioinity of the shooks
The boundary layer thiokens upstream of the sheck and thus produces a
number of oblique shock waves, suoh as are obsorved in high speed
flow around aerofoils. . The thicker the boundary layer and the greater
the wettod perimetur of thc stream, the more pronounged these effects
becomc, In othor words, for a given stream vulocity, the offcot of
the boundary layer wsuld depend on tho Roynolds Number and would
diminish with tho incroase of the Reynolds Number, On tho othor
hand, for a given Reynolds Lunber, the intonnity of shocks inoreases
with volocity, so that the offoot of a given boundary layer would
be expeoted to inoxreaso with inoreasing Meoh Number.

¥rom the above interpretation of shock wave and boundary layer
interaction tli: so-oallod "soitening® of normal shocks by a serios of
oblique shocks might be expectea to ooour, the velooity in front of
tho normal shock boing appreoiably roduced and the overall losscs
oorrespondingly decrvased, Although this may be truc in ourtain
oonditions, additional lossos are usually prosent,

It appoars that tho meohanism of the shook wave and boundary
layer interaotion has becn first dosoribod on the above liues by
Donaldson (ref,5), who also presonted an oxperimontal investigation
of shock v formation in a do Laval nozzle. A good cstimato of
the shook wavo position was obtainod by assuming that tho shock
ooours at a Mach Nunbor oqual to unity (i.e., a oompletoly softenod
shook) and that the flow is isentropio throughout (supersonioc upstream
of 4ho shook and subsonic - downstream). This result scoms to bo
oonfirmod by investigations of flow around airfoils at supercritical
speeds (quotod in rof,5), in which it was found that the lmsses
- through the shook near tho airfoil surfaco may be smaller than theso
corresponding to the one-dimensional thcory. It was also found
that tho Maoh Number bohind the base of a normal shock on an airfoil
was olose to unity. This was also obsorved in the entry tosts
mentioncd lator (rof,43), in whioh a Mnoch Number of 1,18 to 0,935
was ebsoived in tho vicinity of the shoak, for a freo-stream
velooity of M = 1,46, Furthor, tho coourrcncc of a fow normal
shooks in suooession, e,g in a de Laval nozzle, ref,5, oan bo
explained by assuming a ocomprussion to sonic velocity through each
"shock" followed by a ronewed supersonic expansion,

Although, as already remarkoed, tho lmases in oortain rogioms of
softoned shooks may bec smallor than theso for oorresponding normel
shocks, it appoars that in goneral the total lossos exoeed theso
predioted by the ono-dimensional theory.

A nunbor of oxporimontal results is available in this oonnection
and will be roviewed hervs  Whe rosults were obtained mostly from
data of diffusers for supbrsonic wind tunnels, but a few
toats of pitot typc ontrics in vhich tho shock ocours in tho presonce
of the boundary layer are also avuilablp,

3.2  Anmular ontry pitot type diffusor
The design of n supersonic untry or diffuser of the type shown

in £ig.5 is advantagoous, for construotional rcasons (o.g. aooommdation.

for tho pilot), for a projeotcd supcrsonic aireraft, This se—called

" enmular ontry is casontially of the simplo pitot type Aeroribeld deforo,
but it differs in that the flow is dofloctod in fyont of the ontry,
plane by thoe tip of the oontral body and tho shock at cntry coours in
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the prosonco of tho boundary layer formod on the contral body surfacc.

Comploto small soalo modcls of diffusers of this typo wore
teated at N.P.L. (rof.8) and tests of an analogous two-dimonsional
ontry wore onriod out by Power Jets (R & D), Ltd, (ref.13)e 1In
all oases & mwh lowor cffioivncy than for the siple pitot cniries
was recordod, In the 1,P,L, tests the maximum flow obtainod was
only 0,91 of tho flow through an arce ejual to the annulus in the
froo stroam Further, in both sots of tosts tho flow was stable
only vhon sheck ocowrred insidc the diffuser, downstream of the entry
("overexpandcd” condition). Surging started when the shock formod
at the cntry and was due to the softening effect of the boundary
layer. In the Power Jots' tosts attempts worc made to remove the
boundary layor at entry by suotion, using cithor flush or projeoting
slits, It appears however that an cffeotive ocontrol can be achieved
only by passing the whele of the boundary layer through a projesting
slit, thus meking an cntry of the simple pitot type.

It should be mentionod thet the above tosts were carricd out at
small Roynolds Numbors, tho boundary layer cffocts being thus
oxaggorrtod. In the N.P.L. tosts the Reynolds Number based on the
distanco from the nosc of the model to the annuler lip was oqual to
6 x 105, In all tosts the Mach Mumbor did not exsced 2.0.

 As pointed out by Lean (ref.8), apart from low efficiency and
low maximum flow, the application of the annular ontries vould be
difficult in proctice bocausc of their surging oharacteristios. 1In
ordor to avoid the reversal of flow whon the engine demand is low,
it would bc nocessary to by-pass seme of the air, the annulus buing
however lorsye cnough to pass the maximum flow roguired.  Altornatively,
in order to avoid the oxtra drag, the entry arca could bu varied;
this, of courze, would introduce mechanioal complications.’ Provision
of a slit sufficient tc remove the whole of the boundary layer would
alsd inorcase drag.

Such complications arc largoly oliminated vvhen simple pitot
ontries arc usod. At c¢cngino demands highur than tho "swopt volumo"
diffuscr flov the cempression officioncy would docrease due to the
overcxpansion (shock incide the diffuscr) and tho engino domand would
edjust itsclf to the'intake supply. At lower onginc domands a
s;tt.blo s dotoched curved shock front would form shead wf the diffusor
ontry. '

3.3 Diffuscrs for supcrsonic wind tunncls

Purther expurimontal ovidence of the cffect of boundary layer
gn shooks comes mainly from tosts of diffusors for supcrsonic wind
unnels,

(1) Diffuscrs without contraction

Castaonn (ref, 3) corried out =n uxtensive invostisation of
suparsonic flov in long, divergont conical dusts (6° vertox angle)
with shocks ooouring :t various cross-suetions and Mach Numbers
ranging frem 1.2 to Leb. 1iis results are shovm in fig.6 in terms of
the iscntrepic officioncy and the mnch Number immodiately in front of
tho shook, n: estimatud from thu obscrved prossure distribution and
the initicl state of tl: aam, In thi:, an in the other canes hero
oonsidered, it was not poasible to scepuarate the lossos tus to the
shock fyrom thusc coowrring dovmstreosu in the subsonic diffusion,
Aocoord the efficiency is based on the observed static prussure
ratioc: cxit pressurce/ lowost rocorded pressure in the duot) and
oquation (A1), which sssumos o comprusaion to zoro velocity. As in
Castagna's tosts tho oxit volocity did not oxcoed Oe3M, such an
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_ assusption is permissible,

In the same figure results of similar testa (ref.17) made at
N.P.L. with a two-dimensional diffuser (5% total divergence angle)
for & supsrsonio wind tunnel are shown, the efficiency being
based on the ¥ach Number in front of the diffuser, i.e. in the
working seotion., Som: early results obtained by Stodola and
Steichen, presumavly with similar diffusers, and quoted by Crocoo
(ref.l) aro also included. . :

Castagna's and li,2.L. tests show a fair agreemsnt (f£ig.6),
bpt give efficiencies considerably lower than the theoretical ones
for a normel shock and lossloss subsonis diffusion, curve 1.

(1i) piffusers with oontraction

Anotier sut cf results, fig,7, rofers to diffusars in which a
segond throat was cmployed, with shock cosuring olose tn the
oontraction on its downstiream side, i.e, at a veloolty smaller than
the maximum ono at tho diffuser entry. The maximum theoretioal
efficienoy of such diffusers for tho limiting oontraction ¥y, has
been oaloulatod and is shown in fige.9 ourve 4, also tablc II, page b
It excoeedn only slightly tho normal shook efficienoy, the difference
being evon smaller in practicoe.

In £in,7 are shown the results obtained by Ackeret and Brown
Boveri Co., (ref,15) from small soalo tests prior to the oonstruotion
of the suporaonio wind tunnecl at Zurioh®., Two sets of points are
shown, reforring to the diffusor only and to the oompressor, the
latter inoluding lossos in the whole system (nozzle, duoting, ota.).
The N.P.L, tosts of a two-dimenslonal diffuser for a 1,5 X 1.5 in,
model supersonic wind tunnel (ref.17) show a fair agreoment with
tha Swiss rosults, oxoopt at low Mach Numbers, where the effisiency

suddenly. A similar behaviour was also obsorved at N.P.L.
for other Aiffusers, but no adcquate explanation has been given.

A tendency for the officicnoy curve to attain a maximum at low
velocities would be cxpooted when lossos in tho subsonio diffusion
aro taken into acoount (of. fig.9). In the N.P.L. diffuser in

question, tho contraction ratio was 0, 906 and the total angle of
divergence vhich followed wnz 9°, .

. A third gct of results for oontimuous contraction diffusera
reproscnts tho operating oharaoteristios of a German 40 x 40 om,
supersonic tunnel st Wossorbau Versuchs Anstalt, Koohel (refed4).
The tumel is of an open jet, intermittent flow type and a variable
diffusor throat is uscd to ndjust the pressurc outside the jed to
tho valus of the jut static pressure at the nozzle exit, Tho
effiolcncy rhown takes into acoount the losser upstruum of the
diffuscr and is slightly lower ws compared with the Swiss and N,P.L.
rosults, no doubt ohicfly becoausce of the use of the open jet, The
pressurc Jdrop across thu silica gol driers ic also includod in the
officiency, its effeot bein; however neglipible, espocially at high
Maoh Nunbors (ieue =mall flows); for M > 2,0 the drier pressure
drop is smller than 13 mmne g In the subsonic purt, the diffuser
was conical of an 8% vertox angle,

Comparing fig.6 and 7 it is not possible to establish any
definite difforuncoe betweon the two types of diffuser,

(141) Bridge typc diffuscrs

A third type of suporsonic diffuser for uso in supersonio wind
tunncls has boen doveloped in the U.S.A. and in Great Britain during

* It appears that the samo tests were quotod by Crooco, roxel.
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the war (ref.14 and 17) amd is known az the bridge type diffuser.

It ocomsists of the usual divergent duot with a wedge-shaped bridge
inserted noross the entry seotion, with or without contrastion
around the bridge. Such a design is oconvenient from the point of
view of the experimentsl technique, the bridpe supporting a pressurc
traverse or model, and may also produce a more stable and effioient
system of shock waves than that obtained with the diffusers hitherto
desoribed., The obvicus fundamental requirement of the bridge,
which in practioc is only satisfied at higher wvelocities, is that
its leading edge angle should not exceed the maximum value at which
the shook wave beoomes dotached.

- In £ig.8, ourve 2, arc shown rosults obtained at N.P.L. (ref.
17) with the oontracting diffuser for the 1,5 x 145 in. supersonio
tunnel alrvady montioned but vith a 0,12 in, thick bridge insorted
at the beginning of the diffuscr ocontraction. It appears that at
high velocities the bridge type gives a comewhat tettor cfficiency.
Other N.P.L. tcats (rel.éo, obtained presumably with bridge type
diffusers as finally usod in the N.P.L. 11 x 11 in, tunnel, also show
a rolatively high effioiency (ourve 3).

iridge type difrusors were alsc tested in the U.S.h. in
oonnsotion with thue design of a 2.50 x 2,56 in, model supersonic
wind tumwel (rof.14). Only two test points uro availablc and, os
shown in £ig,8, they are in good agrecment with the N.P.L. roaults.
The walls of the diffuscor were shaped so as to maintiain a ocemstant
area aross-section around tho wedge,

Other N.P.L. tests (rof.17) indicate that a sudden oxpamion
. round the bridge ocauses a fall of effiolency.

' (1v) Discussion of data on wind tumnel diffusers

From the results reviewed, it is evident that the officiency of
diffusers as uscd at presont in supersonic wind tumnels is, in general,
lowe There are soveral faotors, however, to acoount for this
spparent negleot in the tunnel diffuser design, .

In the first instance, tho volocities altained in the majority
of the oxisting supersonic tunnels do not uxcoed M = 5,0 and the
working scotions arc relatively small, so that, ovon with low diffusor
effioisnoios, the power roquiromnts can be casily met. Further,
sinoe usually one universel diffuser operales over the whole range of
velooitios, it is impraoticable to attumpt a moru offioiont dosign,
6,8 on tho lincs desoribed in the noxt scotion., The nop-uniformity
of flow bohind the mwodel mukes suoh an attompt in any case hardly
possible, - It is thereforo understandable that the use of o
variable throat or bridge typo diffuscrs should have beon diotatod

. rather by the oxigencios of tho oxperimental technique than by
efficiency considerations, It socms that the present mothods of
diffuser desig may have te be revised in case of tunnels of vary
high Mach Numbors and laxrge nross-qeot:wn.

4 Multi-shook diffusors 5

41 Introduction to the problem ]

In the pruvious scotions the impracticability of a diffusion
from suporsonio velooity without less, by moans of a reversod nozslo,
has been deronstrateds In practicc, whon diffusors of this type
are uwsod, the compression coours through a normal shook at the froe
stream, or, when tho limiting ocontraction is usod, at a slightly
lower velooity. The corraesponding theorot offiocioncics and
pressura reooveries are shown in £ig,9 anl 10 and tabulated in table II,
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Takle IT (Y = 1.40C)

Caloulated effioiency of aingle-sinck supersonic diMﬁ.

Mo of normal shock for [n. of aiffusor with
M N gup Cual to: limiting contraction

LY
10 10.7 105 1 0 | ¥min 202 Nogyy = 10

1400 [ 04 70 | Ge5C | 0, CO
0s 99 | 082 | 0e 71 | Oulids
0s96 | 0485 | 0,78 | Ve 64
0.91 | 0e84 | 079 | 0,67
0.80 | 0.76 | 0473 i 0. 67
0,68 | 0,65 | 0,6 | 0,60
058 | 0,56 | 0455 | 0e53
0.50 § 0alt9 | OuliB | 0,46
Ouli3 | Oul3 | Ouli2 | Ou&0
0¢38] Ge38 ]| 0.37]| 0,36
Oe34 | 034 | 0a33] 0,32 0.38

Yor the normal shook, ourves for various subeonic offioiencies

. smaller then 1,0 are also drawn. In particular, the fullowing
expressions are derived for normal shook with subsonic uvff'icienciocs
of unity and zero:

for Tb. sub = 100’

Y+ 4_4 2 .._
- {"z&! o - 1)} = )
and for o o ° o,

o [lmteaa P )

Y+1

The experimental results reviewed have shown that the
oaloulated theoretioal officiencies oan be attaincd only when the
shook is not affected Ly the presence of the boundary layer.

In fig,9 and 10 two other cwrves are drawn for oblique amd
oonical shooks, with isentropic subsonic compression, Curve 2
applies to both the obliqus and oonioal shocks whon veloocity behind
the shook is sonio. OCurve 3 shows a slightly higher efficionocy,
the sonio wulocity being rvached at the oone surfacc, In both
 oases the effiocioncies and pressurc roooveries are substantially the
*sams as for the rovursed nozzlo with the 11mi1:ing oontraction *
(ourve 4).

On tho whole, fig.9 and 10 show that at velooitics oxooed:l.ng
say M ® 2,5 tho single-shook diffusers have a small oompression
efficionoy, vhich tends to zero for infinite Mach Numbers, so that
other moans must be sought to achiove an effiolont diffusion at very

high spoods,

Apart from the reversed nozzle flow, an isentropio ocomprossion
from tho suporsonioc velocity can be theoretically achicved through a
deflection of tho flow by mans of a suitably ourved surfaco. 1In
L C ..

L ] . v
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two-dimsnsional flow the oorrect surface profile is determined by a
stresnline of the well Jmown Prandtl-Meyer solution, whereas in the
axially symmetrical flow the shape of the body of revolution is
obtained by a modified method of charaoteristios, We shall limit
oursslves to examples of the two-dimensional sclutions dbut the
osnolusions drawn will also apply to the axially symmetrical flow,
previded the profiles of the deflecting suriaces are suitably
modified, * ’

Experimental data on compression of the above type is, at
present, very limited. Ackeret (ref.1) presonted a Sohlicron
photograph of two-dimenaional, supersonic flow, compressed by
deflection, but it appears that tho only tests of complete diffusors
wore mado in Germany towerds the end of the war, ohiefly by
Oswatitsch, who usoed axially-symmotrical models, Those oxperiments,
to which ruforence will be mado later in greater detail, have shown
that in practice a lossleuss comprussion of the abovoe typo oannct bo
obtained because of the boundary layer influonce, Thu boundary
layor tonds to form "doad water" rogions and tho comprossion always
ocoours through a number of finito (oblique or conictul) shooks, the
overall effioclenoy boing nevertheloss muoch higher than that of a
normal shock. This effoot is similar to the softening of normal
shocks already described; in fact the latter phcnomenon indicatues
the way in whioh an officient oomprossion oan be reelizod,

Thus in practioco, instcad of an isontropic comprcssion, onc is
oonfronted with a multi-shock compression, The thoorctical aspeots
of tho design of multi-shock diffusors and thc cxporimontal rosults
available will be now oonsidored, It is oonveniont to disouss tho
fermor undor twe seperato headings, covering the geometry of dosign
and the efficienoy of compression.

Le2 Gogmetry of dosign

Although tho oompression coours through a muwbor of finite
shooks, it is oonvenicnt to disouss the basis prinsiplos of the
goomotrical lay-out of multi-shook diffusors by inspection of the
isentropic flow pattorns; tho conolusions roached are quito goneral,

In £ig.11 sevoral ways, in which a compression from M = 1.918
down to sonio velecity can bo achioved, are illustratod, the Maoh
linos boing drawn for 4° intervals of flow doflection, Although
such diffuscr arrangements as shown in fig.11 oeuld bc used, usually
a symmetrioal design will bo preferred, a ocntral bedy thus being
formod (similar to fig.5). L

A supcrsonio flow along any concave or convex surfaco is
representcd by drawing a. Whon a ocorreot concavo shepe is not
used, tho Lach waves overlap ons another and a curved shock front
develops at som: distanco from tho surfacc, To avoid this, a
fooussod wavc oan bo usod, es showm in be This is, for the twe-
dimensional caso, tho revorsod Prandtl-Mcyor expansion round the
oorners The profile of the ourved surface oorresponds to a stroame
lino and the sharp cormer forms the outor diffuser rim. .

Starting with the flow pattorn b, soveral arrongomonts oan be
developed (¢ to f£)s Diffusors d and £ arc analogous to o and o, in
whioch howovur a focussod wave system is usods, The advantage of a
fooussod systom is cloarly demonstrateds tho "supersonic length" 1
and the dimension R, which detormines the minimum diffuser width or
diamoter, arc both considerably smaller than for non-fooussed wavus.

Whon the flew is deflooted in one dirocction enly (through a
fooussed wave), os in o, tho dimensien R nas tho smallest possiblo

. ;- -"‘l‘. -~
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ﬁluo and is equal to the free-stream width or radius; in all other
cases R exveeds this minirmum value,

The oritorion for the design of the outer diffusexr rim is
easily defined (of. ref.2). Fer both two-dimonsional and axially
symmtriocal diffusers the flow past the rim oan be rogarded as two-
dimensional. In ordexr to prevent the flpw on the inside of tho rim
from being disturbed, thv anglo §, which tho outsido tangont at the
rim edge makes with the looal dircotion of flow must be smaller than
the oritical value, at which tho shock booomus dctached. These
oritioal values of & arc shown in torms of tho Mach Numbor in fig.
13 (for ¥ = 1.4)s Tho oritiocal anglc O increases with velooity and
will bo thorofore thoorotically dotcrmined for the lowest velooity at
whioch the diffusor is requirced to cperatc.

The above oritérion has becn verified uxporimontally for simplo
pitol ontrivs (rof,416)., It was found that tho outsido rim angla &
had no influcnce on flow insido tho diffusor, provided it did not
exoced tho oritiocal valuc.

In courso of the comprossion of the typo oonsidorod the flow
is dofleotod boforo roaching tho sonic velooity. JFor a two-
dimorsional, isontropic oase, the angle of doflootion v is given in
£4g.13 (for ¥ = 1.4). With oblique shocks, the flow duflootion is,
for a single shock, only u littlec smallor than tho oritical wodge
angle 0 and, as thc numbor of shocks incrcascs, it approashes tho

isentropio angle v,

Tho dofleotion of flow gives the oorrect thoorotical inclination
of tho inside rim surface, This oondition, however, can bo only
satisfied if thc oritical anglc & is greator than tho deflootion
angle ¥. From fig.13 it is cvident that in the oasc of a single
fooussod wave (o), v > & and tho flow must bc abruptly dofleooted
inside tho rim, if the oorrect valuc of 6 is uscd. Altornativoly,

with a corrcot valuo of v (of. f£ig.12, top), tho shock beoomes
dotached from tho rim.

In order to roduce the overall flow doflection, designs of the
type ¢ and f can be uscd, lerc tho waves arc split in groups whioh
dofleot tho flow in opposite directions, thus roducing (in the
examples shown - down to zoro) tho total deflcotion. Again, a botter
and morc oompaot dosign is obtained wwith the foousscd waves ztypo 0).
It sooms that for very high velooity diffusers of this typc are
suitablo.

Flow pattorns analogous tc o and ¢ are showm, for obliquc shocks,
in £ig.12, In both oascs two oblique shooks arc followed by a
normal onc, Tho advantage of a ruvorsod doflootion is woll
domonstratod.

The absclute minimum sizo of tho diffuscr ontry is that of the
freo-stroam cross—suotion corresponding to the diffusor flows With
fooussod wavus this minimun size has to bo only slightly oxoocodod,
as showvn by oases o and ¢, The diffusion will usually be roquired to
proceed to quitc a low subsonic velocity and the quustion of the *
noocssary orons=scotional axrva arisos,  From £fige3 it is gsoon that
for isontropic flcw the ecntry (frec-strcam) oross-section is quito .
adoquate to nchivve a diffusion to low Mach Nurber, provided the froec
stroam Much lumber iz sufficiently high; the sam: holds whon losses
ooours It thus scoms that only for diffusers opurating at losw
ontry Maoh Numbers it may be noocs8ary to cxoood, in tho subsonic
region, tho ontry oross-sootional ‘arco.
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k3 Eficlency of compression - '

The gecmetrical principles which should be cbserved in malti-
shook diffuser design were considered above and it remains now to
anslyse the thermodynamic efficiency of this type of diffuser.

In the simplest oase, the oompression would ooocur through one,
oblique or oonical, shiock with an efficienoy, as alrovady pointed
ou')c, only slightly higher than that of a normal shock (of, £ig,9 and
10).

. When the mumber of shooks is greater than ane, it is possible
to find, for a given sct of oonditions, an optimum arrangemont of
shocks for maximuu ovorall cfficicnoy, Such analysis will not

be undortalon here, but the efficicncy of multie-shock diffuscrs will
be investigated for certain simple design criteria. The results,
£ig. 14 to 48, arc given in terms of the free stream Mach Numboer X
and the ratio py of the iseniropic stagnation pressures af'tur and
beforc the diffusion (ci's (A2))s An iaentropic subsonic compression
i3 assumed, By means of fig.29 or 22 the corrosponding efficiencies
T¢ oan be determired., The results given in figedl to 18 were
obtaincd by praphical methods and mmst be regardod as spproximate

. Two different design criteria were used: either the ontropy
rise Ao' across each oblique shoci or elsc the angle of flow
deflection &' through caoh shock varo kept constant, for cach set

of shooks considered. In each oase three sots of curves, for
varicus velocities after the oblique shocks (M = 1.0, 1.6 and 2,0),
were cobtained, In each figure lines of constiant .number n of
oblique shocks are drawn, togethor with the lines of constant .
entropy incroase Ac? = -loge Pg' Or constant anglc of dofloction df,
aoross eaoh shock, as tho casev may be.  If tho vclocity after tho .
sarics of oblique shocks is supersonio, a normal shock 1s assumed to
ocour (i.o. at M = 146 und 2,0). +Provided thc normal shock ocours
at a sufficiontly low velocity, it dous not affoct adversecly the
ovorall effioiency. On the other hand, the presence of the normal
shook may be beneficial in practice in that it providos a cartain .
amount of flexibility in the diftuser operation: tho final prossurs
doponds on tho position of the normmal shock in the divorgont subsonio
part of the diffuscer (of. fige12). .

It will bo noticed from fig.14 to 17 that, sinco tho familics
of owrves aro drawm for oonstant vclocitius bes'ore the normel shock,
the lincs of vach family start from a point corrosponding to this
volooity on tho py = M curve for thu normal shook, .

Whichevor critorion is used, for e given velooity M, tho
officicncy of corpression incrcascs with the number of shocks, By
superimposing the curves for the samc number of shocks but for .
different velocities befors tho normal shock, envclopo curvos of an.
optimum pressure resovery, for a given number n of obliquo shooks
followed by a normal onc, arc obtained; they arc showm in fig,18 - .
for shocks of constant entropy incroaso Ac! and constant doflcotion
angle 6's It appoars that in the formor caso the maximum pressurc
recovary, for a given n, is greater, the differenoccs being howover
small,

From £ig,48 it is cvidont that by suitably inorcasing the
nunber of oblique shocks with the i1ruo-stroam velocity, very high
isentropio effiolencies can be obtained, o,g. for ¥ = 30 and two
obliquo shocks, Mg 8 0,88m whercas for M = 4,0 and 3 obliquo shoeks,
Ty ® 0,84, Furthor, for an optimum cfficicncy, the vclooity at
which the normal shock should occur inorcascs for a given n, with tho
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froo-stroan Mach Number,

The theoretical efficiencies appear to be of the sams'order
for the axially-symmetrical diffusers.

The oaloulations carried
out in connaction with tests of diffusers of this type (ref,10)

give , for 3 ccnical sheoks of comstant entropy rise and one
noarmal shook at M = 1,5, a theoretioal

sure reoovery po & 0,80
Or My ¥ 0,90 at M = 2.9 (seo £ig.19, 20), which is only slightly
zmHo' T tha;x the oorresponiing valye for the two-dimensional osse
of, fig.15).

From the above oorsiderations it is apparent that theoretidelly
any required conpression off'icienoy oan be cbtained provided the
number of shooks is sufficiontly large;

in fact, in the limit, for
n m=oo and sonic weloolty after the last shock, tho oompression
beoomes isentroplo, As already obsexrved, in practice the
ocompression tends to oocwr through a finite number of shocks, but
the effects of the boundary layer aro at present too little known to
allow of thé determination, for any given sot of oonditions, of the
maximun numbor of shocks actually possible and the ocorresponding
maximm cffioicnoy attainable,
kb

Exporiuental rosults

The practiocability of multim~shock diffusers has been demonstrated
by a series of tests oarried out in Germahy by Oswatitsoh (ref.10)
and others.

The availablo information on these tests is at present
inoomplete and only some of tho results oan be reviewed,

As stated by Oswatitsoh, the performance of tho two-dimensional,
mlti-shook diffusers, with which a few tests wore medo, was found

unsatinfactory. The main sot of tosts was dono at Gottingon using

axially-symetrical modols designed for a oontimuous oompression, e
two or tiwee inclined shocks* followed by o normal shook,

shook wave patterns and outer rim designs werc tested. As olready
mentionod, it was not found possible to achieve a oontinuous

oonpression, but tests of milti-shook diffusers have shown a good .
agreement with the theory.

Various

-
In ref,10 tests of oxinlly-symmetrioal diffusors designed for 3
inolined and one normal shock are descoribed. Aococording to a
atatomont made by Oswatitsoh when intorviewed, but not inoludoed in
this repert (rof.10), the ontropy rise aoross the inolined shooks

was kept constant and the normal shoock was to ococur, at the point of
the highest officiency, at M = 1.5.

The abeve report does not give in dotail tho shapo and
dimensisrns of the testod diffusers or the oorrosponding oaloulations,
but oontains only their general desoription and main experimental
results. Of the throe diffusers testod onc was dosignoed to give a °*
maximm ocomprussion officiuvncy and anothor to give an optimum everall
pexrformanoc;

tho tests ol these diffusers will herc be bricfly
sumparized,

In £ig.19 and 20, roproducod from rof,10, tho two diffusors,
NooIII and VI, togother with their pressur¢ recovory oharacteristios
axre shown.

Diffuser No.III was designod to givo a maximum oompression
effioloncy and a maximum mass flow. A shook wavo formation, fooussed
somowhat in front of the outer rim, was used (analogous to case o,
fig.11) ond the smnllest oross~sccotion was looatod at entry.

* In tho oaso of wxially-symmotrioal diffusors only tho first shook, -
originating from the tip of the diffuser, ocours in a uniform volooity
fiald and is truly oonical; subsoquent inolined shooks form curved
surfaces.

-
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In oxder to reduce the inavitably high drag of the above
design, diffuser No.VI was constructed mo that the flow was :
detletted through the third shock in a direction opposite to that
of the firast two deflections (analogous to case e, fig.11); ¢the
.smallest cross-section oocurred inside the difiuser,

At zero incidence and at the oorreot design Maoh No. ¥ = 2,9,
the measured pressure reoovery psy attains, for various positions of
the normal shoock, practically the corresponding theoretioal values
shown in £ig.419 and 20; the same agreement was found for the mess-
flow, which was smallor by only a few per oent than thc theoretiocal
value (see table III) and remained oonstant for all positions of the
normel shock beyond the oritioal ons. The position of the normal
shoock was adjusted by altering the exit area of the diffuser Fy.

It was found that as Fj, was reduced an unstable oritioal oondition,
similar to that mentioned in the oase of an annular pitot entry,
developod. Instability oomenced at larger exit areas, and
oonsequently with a lower maximm pressure recovery, than is
theoretioally possible, The flow became unstable when the ratio

diffuser exit area _ 1D
anmlar oentry area Fq

was smaller than about 1.4, whereas theoretioally it should have
been equal to about 1,0, For aroa ratios smaller than 1,1 the mess
flow amxi the pressure recovory both dooreased abxuptly, It is :
probable that at higher Reynolds Numbers the unstable oondition
would ococour nearer to the theoretioal critiocal point.

Other ohai-wterntios' of the two dj.ff‘users are oompared in -
table IITI, Diffuser No.VI shows a reduction in the drag ooeffioient
of 39% for a loss in effioionoy of 3% only.

The effoot of an inoidence of 5° approx. was investigated at
the design velooity and was found to be negligible, on the offioiency
(of. £1g.19, 20) and mass flow. The drog and 1ift wero investigated
aver a range from 0° to 8%, at the correct Maoh Number of 2,9; the
oorrespording results arc given in table III.

Table IIT

tios of Oswatitsoh diffusars.
Diffuser No.III | Diffuser No,VI
(£1g.19) (2ig. 20)

[ Maximum pressure ithnomt:loal % 0,80 % °0,80
aotual 0,705 ' 0.65

rocovery ny
g Jaximum isentropio (theoretioal &% 0,90 8 0,90

erf_:l.niemy -
Mass flow, % of theoretical 973 ) 93
_ Measured drag oceffioient Oy 056" . Ou3k -

Moasured drag ooeffioient cD
at a = 8° .

. 0185 : 0|82

A

0.67

Li.t'f-im:!.dame ourve slope )
aop/& (a in dogrées) 0.055

At design Mach Number = 2,9
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As stated by Oswatitsch, the pressure recovery and mass flow
tests were ande using models of 65 mn outside diamster. For the
experizents involving drag and lift measurements smaller models
were used, which were found to be ocomnidorably lcss effioient, this
being attributed to the lower Reynolds Number.

In general, the above experiments show that by using a
geomotrioally suitable shock pattern a oonsiderable reduotion in
the diffuser drag oan be achieved with no apprecoiable effeot on the
effiolency.

5 Supersonic diffusers at a Mach Number other than the desigm ome

So far owr oonsiderations were confined practiocally only °
to suporsonic diffusors which operated at thc correct design Mash
Nunber. In actual applications they will usually be roquired to
operate over a range of supersonic velocities and, in some oases,
oven over the transonioc region, The problum of a satistactory
design which would comply with such roquirements is extremely
diffioult and, evon if the transonic range wore omittcd, ocannot bu
easily solwved in the supersonic rogion alone.

It is only in the casc of a normal shock formod at a simplo
pitot-ontry (of. fig.4) that the shock formation dous not change with
tho Mach Number, although of course thc compression effioicnoy
deoreascs rapidly. 1In all othor cascs, provided the flow through
the diffuser is not restriotod, the shock wave pattern in a diffusor
of a given design is sololy a function of the froc-strecam Mach
Number, Thus in a milti-shock diffuser of type o, fig.11, tho
shoocks would be stceper at a volocity lowor than the oorroot dosign
Maoh Numbor and thoy would enter the outer rim at highor volocitics,
than the oorreot. At lowor velocitics there would be a tondonoy
towards the formation of normeal shocks and the flow through the
diffuser would diminish; in any casc tho oompression officicnoy
would doorcasc, Tho obvious remedy would be to urrango for the
diffuser shepe to be altored acoording to the Maoh Number; such a

proposition results however in sorious michanical oomplications.

One ef tho abovo-mentioned German axially-symmetrical diffusers
was tested by the WeV.A., Koohel, at velocitics belaw and above
(up to M = 4,38) tho design Mach Number of 2.9, (rof.12). Thoss
tests have shown a repid fall in eff'ioionocy at Mach Numbers smaller
than the design Mach Number; the effeot was loss pronounced at
higher Mach Numbers, This would bo expooted if shooks fooussed,
at the design Mach Number, in front of the diffuser rim wore used;
at higher Mach Nunbers they would still be effioient, thoir -inter-
sootion approaching the diffuser rim,
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Appondix
Effioiency of odisbatic compression

& mumber of quantitios are used to imdicate the officioncy of
adiabatio oompression; suol quantities will be defined hore and the
relationships botweon thom catublishode Tho latter aro uscoful in
roduoing the oxperirmcntal datn to a ‘comon basis.

A8 usual, a oomprussion to zero volooity will be assumed and tho
gas assumod to0 bu perfeot unl to have comstant specific heats,
Donoting by 1 and 2 the states of tho gas at the diffusor cntry and
aftor the comression to zero vulooity ruspoctively, and putting

Y = ratioof spocific hoats,=o0y/oy,
statio prossure,

P = prossure attained by isentropio comprossion to zoro
velooity fyom any initianl velacity so that at a given
Maoh Number N, te
?

R = (1+ 154

p = PP, ,
the following ratios are doﬁ.ne'd:
(1) Isentropic offiocieoncy of o;mpression '
.Wcrk of :lac:axrlmapm~ comproession

) oyolo from the .ontry proessuroe P.'

- tho actual Pinal pz‘esa\m: ) )
o " K:I.notin onergy avellablo b the
o diffusor ontry

R

At
‘J: M12 (a1)
(u) Ratio of prossures attained by & oomprission: to sero wlooity
inpnmtualmﬂinmiaentmpioditﬁmcr B

Py = Pz/?¢1 g :"." . " (Az)

[ P

50

‘(144) 1D:lmnsura.eas entropy inoreasc 1n adiahatin ooqroes:l.on to zexo,
velooity

b = =g by L

s a entropy,
R = ocherootoristio gas Mtant
J = mohan:lna.l oquivalent of heat,

-

whero dc = Jas/R with

‘
.

(iv) Isontropio power faotor (assuming an isentropin oonpression in
the compressor followed by oooling at donstant pressure) ,. .

, . .
t ]
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Work of isontropio conpression
) ayolo t rossurc ratio
e Fﬁﬂz enorey avalloble ot EE
* " diffuscr ontry .
e {,

i o 1
=\ Po. '1L§'—-:1';+1

(v) Polytropic ocorprossion cfficioncy

", = -:d-l-’%_-)- oonst,

where p = mass density

and w = velooity of flov,

only the firot of tho above quantitius roprosonts in the truc
sonso the cfficioncy of adiobatic oomprussion. - Tho othor uantitios
sre uscful in vxperimontal work and for design purposos.

The rusults of diffuscr tosts arv usually obtainod in torms of
tho pressure ratio pg, Which is oorrclated to tho isentropio compresaion
effiocloncy my by the following «iuation:

s {Lz'i“f%”}/{%iﬁz e

This is reprosontod, for ¥ = 1,400, in f:lg.M andoz.., in the ng = M4
and po, - My oo=ordinates, :

Tho pg = p rclationship is given by the expression for
isontropio flow alroady montioned:

PPy = (I—;-—t M12 + ‘f)- ’;5- 7

In somo oases the diffuscr test rosults (rof.4) are givon in
terms af the polxtropic offiocicncy wy, as dofined by (45)e This
definition implios that ot overy stage of the compression a certoin
oconstant fraction of tho kinetio vnorgy is used for the pressuro
build up. Tho ﬂ?ouny, thero is no ronson to base the definition
of the adinbntic ocompression efficlcncy on this assumption; in some
instancos, howvever, it may prove useful in that it allows the dstermina-
tion of the intexmodiatc states of tho gas botween the Q!fﬁxscr entry
and tho end of the compression,

Using the sdiabatio flow enfrgy oquation and oguation of state
it oan be shown that the assmrpt:.ou (.5) gives a po],ytropio oonpress:l.on
P/p" = oonst, with
prs

n o= vn /{4 -7(1-11,,)} " (a8)

Wen 1, = 1.0, n = Y and the oompression is isontropic.

From (45) the following funotions of m, ure obtained:
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- Y
n
o = (pq/p,)"‘_‘ ~(Lsiw2 . 1)7""' (:9)

e = (L3iu? 1)’&(1‘"“) . @o)

Ocmbining (410) with (i6), the Ty = m, rolationship is obtainod
in terms of M

(‘-f—-',':-lqz+1>ﬂn = Lxdy2n 41 (a11)

and i3 drem, for ¥ = 4,400, in £ig.2%
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FIG.4 SIMPLE PITOT TYPE DIFFUSER

FIG.5 ANNULAR ENTRY PITOT TYPE DIFFUSER .

e ————————
R e, - -"ﬁ‘: g

e ~

e R e
S - .
ol e







\/\ p—
DIFFUSER__ M

- — ——

TYPE
[

I NORMAL SHOCK WITH FULL
SUBSONIC RECOVERY (7g " 1°0)

DIFFUSER ACKERET &
COMPRESSOR] BA.C. TESTS (REFRIS)

[+ ]
/\ N.P.L. TESTS (REF. I7)
KOGHEL TUNNEL ( REF. 11 )

sl

/'
\"
I
|
I

0-6f /
T
O-ﬂ \L

T

EFFICIENCY OF COMPRESSION THROUGH A SHOCK
IN PRESENCE OF BOUNDARY LAYER

ﬂL‘.‘ TR PVIPA




MNORMAL SHOCK wiTw FuLL
SUBSONIC RECOVERY l‘&“ o)

NPL. (RER 7y

NPL. (RER ¢ )
USA. ( REF 14)

EFFICIENCY oOf COMPRESSION THROUGH A SHOCK
PRESENCE oOF BOUNDARY LAYER




NORMAL SHOCK: i

AS INDICATED

OBLIGUE OR CONICAL SHOCK: SONIC
VELOCITY BEHIND SHOCK: g gub® 1'0
CONICAL SHOCK : SONIC VELOCITY AT
CONE SURFACE : Tggub = 1O
@Rﬁ\‘(!‘th NOZZL ITH MAX.

NN

.

_‘.
~

N

~ .,

\\\
-~

EFFICIENCY OF SINGLE-SHOCK SUPERSONIC DIFFUSERS (¥=1'4)







o eI WP e -

NOIS3A ¥3SN44I3 MNOOHS-LWINN 4O AJLINOED




REPT. GAS B

FIG.12

llll’ll’a

Mm<1\-O

- ,,, .

MULT1=SHOCK DIFFUSERS




(v4 =)
€ FSHY 300 TFIOILND GNY A MO1d JINOSHIANS 40 NOLLIINIAA

/
P \
a =
\Mﬁﬁmﬁp ¥
oW

GAS $571.




SONIC VELOCITY BEMIND THE LASY
OBLIQUE SHOCK Tgrgup %1-0
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